Abstract. Waste generation is an inevitable by-product of human activity, and it is on the rise due to rapid urbanisation, industrialisation, increased wealth and population. The composition of municipal solid waste (MSW) in developed and developing economies differ, especially with the organic fraction. Research shows that the food waste stream of MSW in developing countries is over 50%. The case study for this investigation, Nigeria, has minimal formal recycling or resource recovery programs. The average composition of waste from previous research in the country is between 50-70% putrescible and 30-50% non-putrescible, presenting significant resource recovery potential in composting and biogas production. Waste-to-energy (WtE) is an important waste management solution that has been successfully implemented and operated in most developed economies. This contribution reports the conditions that would be of interest before WtE potentials of MSW is harnessed, in an efficient waste management process in a developing economy like Nigeria. The investigation presents a set of socio-technical parameters and transition strategy model that would inform a productive MSW management and resource recovery, in which WtE can be part of the solution. This model will find application in the understanding of the interactions between the socio-economic, technical and environmental system, to promote sustainable resource recovery programs in developing economies, among which is WtE.
Introduction
The increasing demand to reduce climate change impact of greenhouse gases (GHG), increasing demand for natural resources, expenditures and society expectations, has promoted the drive for renewable energy from different sources to replace fossil fuels, including municipal solid waste (MSW). The primary driver for solid waste related activities is the resource value. However, municipal solid waste management (MSWM) has become imperative for developing economies due to the problems caused by public health and the environment, and the benefits derived if properly managed. The International Solid Waste Association, investigated the amount of MSW disposed to dumpsites and sanitary landfills, worldwide, to be around 70%. Also, an estimate of 11% is treated to thermal and waste to energy facilities, and 19% is recycled or treated to mechanical and biological treatment [1] . Although the benefits of MSW diversion from landfills and dumpsites are enormous, the implementation of this concept in developing economies is unsatisfactory due to different challenges that include sociotechnical and environmental management systems.
Different organisations have demonstrated some of the benefits of waste diversion from landfills, and one of them is SUEZ, Australia. This group diverts approximately 887 000 tonnes of waste, combined from all its various clients (governments and private businesses) across Australia, from landfill every year, and enables oil and gas sector to process resources sustainably and efficiently [2] . Also, it is interesting to note that 3 tonnes of municipal waste have as much energy as 1 tonne of fuel oil, in it. The WtE market is growing at an unprecedented rate, with reports showing growth from $19 billion in 2012 to at least $29.2 billion by 2022 [3, 4] .
Other benefits from an effectively managed MSW in any economy include; increased quality of the environment and soil nutrient replenishment through composting. This study will focus on waste-to-energy (WtE), one of the salient benefits of MSWM but, only after waste minimisation, collection and recycling initiatives have been considered, and even then undermined and subdued by many factors, which include socio-economic, environmental and technical limitation.
WtE technology has seen tremendous changes and transitions since its introduction over a century ago . However, these changes have mainly been observed in the developed economies, while emerging economies have experienced insignificant transitional developments. This development is stirring curiosity on the level of waste management and its developmental process in low-income economies. Also, research has shown that the predominant MSW stream in many developing economies is the organic waste [5, 6] and substantial energy can potentially be generated through technological processes from municipal waste.
In this type of WtE system, the MSW is the feedstock for the generation of bioenergy. In Australia, between 2007 and 2008, bioenergy represented 78% of the country's renewable energy, electricity generation of 2 terawatthours (TWh), with a projected increase of 2.2% use increase per year [7] .
Every year, one-third of the food produced in the world for human consumption is destroyed or wasted, and it is estimated to be 1.3 billion tonnes [8] . UK-based Waste & Resources Action Program, claims that every tonne of food waste results in approximately 3.8 tonnes of GHG emissions. The decomposition of this organic fraction of MSW contributes to the emission of methane gas, CH 4 , a potent GHG [9] . A recent study reports that methane has a warming potential of 28-36 times greater than carbon dioxide (CO 2 ) and an atmospheric life of about 12 years [10] . It is a climate change issue, and organic waste is in the contributing stream. Although the conversion of the MSW generated to useful products, in addition to resource recoveries such as bio-energy and compost, will promote the reduction of GHG emissions. That is, the adoption, development and improvement of clean technologies like WtE have the potentials to minimise environmental impacts.
Therefore, the aim of this study is to investigate the potentials of WtE development in developing economies; the scale and point at which it is viable in an efficient MSWM transition program. Also, to emphasise the need for stakeholders in the resource recovery sector, including the government and investors, to elicit their interest in implementing a socio-technical assessment framework that will support sustainable resource recovery programs that can include WtE, in developing economies.
The implementation of the framework can potentially act as a compass on the way forward regarding the development of WtE technology in developing economies.
Methodology
This study deploys a descriptive analysis of MSW generated in a developing economy, Nigeria. The MSW generated in selected states across the country was analysed to determine the potential WtE, depending on the implementation of an efficient waste management system. The unexplored potentials have been compared to waste generated in developed economies and its conversion to biogas for utilisation as heat energy and electricity. Also, inferential analysis (determination of the cause and effect) of the socio-technical challenges associated with WtE in Nigeria, was investigated. This study evaluates the challenges and opportunities presented by socio-technical systems in the development of WtE in developing economies, as compared to developed countries. [11] . However, the World Bank development indicator shows the country to have an estimated 182 million people and annual population growth of 2.6%, in 2015. The country accounts for approximately 47% of West Africa's population [12] .
Geographical background
The climatic conditions of the country, as described by the National Bureau of Statistics [13] , is favourable and varied with the existence of two seasons. They are the dry and rainy season. The wet season is from April to October and the dry season lasts from November through March. The climate is equatorial and semi-equatorial in nature, characterised by high humidity and significant rainfall. The country is made up of 36 states, excluding the Federal Capital Territory (FCT), Abuja.
Overview of MSWM and WtE potentials
MSWM, in developed and developing economies, directly impacts local and global environmental sustainability. Although a substantial cultural shift in reduce, reuse and recycling (3R) have improved the situation in developed economies like Sweden, Netherlands, United States, Germany, many developing nations are trailing far behind. In developed countries, Tchobanoglous et al. [14] mentioned six functional elements of SWM activities. These are waste generation; waste handling and separation, storage, and processing at the source; collection; separation, processing, and transformation; transfer and transport; and disposal. And in contrast, MSW is handled several numbers of times in most developing countries, and this presents the challenge of closing any mass balance. This action has contributed to the absence of the Directorate culture and fit for purpose technology required to reduce the challenge of WtE generation from MSW in these developing economies.
In their study, Diaz et al. [15] proposed environmental sound technologies for developing countries without mentioning the transitions and socio-technical systems required for implementation. The transition experience of developing economies as it moves through the hierarchy of change in MSWM was unaddressed. MSW technology does not operate in the absence of a socio-technical systems analysis that incorporates environmental strategies, implemented in transitions. Any selected technology has to be adaptable to local conditions, after due considerations, and accepted by the end user. In proposing MSW technologies for any environment, many factors are considered. Borglin et al. [16] mentioned some of the factors for consideration to include; feasibility, ease of use (social acceptance), education requirement, infrastructure needs, economics, a potential for pollution, GHG emissions, land use requirements and technology needs for further development.
In their contribution to resource recovery from MSW in Nigeria, Abila [17] investigated the potentials of MSW in the energy mix, proposing a management system for energy generation and material recovery. However, this framework had no transition strategy that would enable the implementation of socio-technical parameters. Also, in its investigation of energy and sustainable development in Nigeria, Oyedepo [18] recommended the generation of biogas from livestock and animal husbandry. The feedstock for biogas production transcends livestock and animal husbandry as clearly demonstrated by Biogass Renewables Australia [19] , indicating the need to strategically apply socio-technical parameters in transitioning to the use of sustainable technology.
Nigeria is a country that has attempted to implement a WtE project in the past. Previous attempts to set up waste incineration facilities in Lagos, Nigeria, at the cost of US $30 million, were unsuccessful [20] . The lack of necessary supplies, skilled personnel, predictive maintenance and external services, have been attributed to the technology implementation drawback [21] . Although advanced WtE can reduce GHG emissions, the technology can only be introduced and evaluated by the net energy efficiency [22] . Without an understanding of the sociotechnical issues and environmental strategies associated with the transitioning of MSWM, achieving a sustainable system would be difficult.
For efficient WtE process incorporation in MSWM, one of the influencing factors is the characterisation of the MSW generated. The characterisation will influence the appropriate technology desired for the WtE process. Organic materials constitute the mainstream of waste generated in most developing economies.
The organic waste stream of MSW in developing countries is well over 50% [23] , and for a country like Nigeria with no formal recycling or resource recovery programs [24] , this is a WtE opportunity that is unexplored. In their review of the characterisation of MSW generation in Abuja, Nigeria's capital city, Abur et al. [25] based it on the climatic seasons. The highest percentage of MSW generated was food/putrescible waste. The values were 56% and 52% for the wet and dry season, respectively. The average composition of waste in Nigeria is approximately 50-70% putrescible and 30-50% non-putrescible [5, 6] , presenting much resource recovery potentials in composting and biogas renewable energy. Also, Olabode and Lawrence [26] mentioned that 53% of all goods, packaged in plastics, accounts for approximately 20% of total waste generated in the country. This waste stream can be recovered through efficient recycling to boost the inherent potentials in resource recovery and WtE. [11] , and the average organic fraction of MSW generated daily.
The primary driver for MSW related activities, as identified by Rodic et al. [28] , is the resource value. This resource cost could be in the form of WtE, compost or other recovered materials. WtE is the generic term for a process by which energy is generated from waste materials Average waste generated (kg/capita/day) [27] Average organic fraction of waste (%) [27] Average organic waste generated (kg/day) [4] in the WtE market, it is no surprise that developing economies like Nepal and China are tapping into this modern technology development [30] . This form of WtE technology is thriving, and according to Schnürer and Jarvis [31] , various types of waste can be reduced and stabilised, during digestion to produce renewable and environmentally friendly energy, called biogas. Also, it is arguably a more versatile renewable energy source, in comparison to the wind and solar energy, due to its determinate energy value and non-dependence on geographical locations and seasons [32] .
Due to increase in global energy demand, and the need to reduce climate change impacts, the production of renewables has been a hot button issue amongst stakeholders. Energy from biological conversion of organic waste is one form of WtE technology that has drawn so much interest. It is a versatile energy source that can significantly reduce the use of fossil fuels and consequently contribute to energy security, which is a global challenge [33] . In an assessment of the feedstock and relevant biogas technologies feasible in sub-Saharan Africa (SSA), Rupf et al. [34] mentioned the organic fraction of MSW as one of the significant untapped feedstock. By processing this feedstock, Michaels [35] highlighted the benefits as follows: production of renewable, base load energy; reduction of GHGs; green job creation with reasonable remuneration; superior environmental performance operation; and complementing recycling goals.
WtE development in selected countries around the world
WtE technology has been demonstrated globally with its use in the production of clean, renewable energy and resource recovery from the sustainable management of MSW. The United States has around 75 WtE plants in comparison to Europe's over 400 [36] .
In the following section, some WtE technology development around the world is reviewed and compared to its limitations in developing economies.
Australia
Bioenergy makes up approximately 8% of the country's total clean energy. Biogas contributes to about 2% of the share of total renewable electricity capacity, and a goal of 2413 gigawatt-hours (GWh) for bioelectricity by the year 2020 has been set, with the use of bio-waste and industrial organics as feedstock in anaerobic digesters (AD). This potential could promote the abatement of GHG emission in millions of tonnes in a year [37] . The Clean Energy Finance Corporation estimated that biogas and other WtE projects could potentially contribute 12% of Australia's national carbon abatement by the year 2020 [38] . In another development, SUEZ Australia has created smart cells which are Australia's largest generator of biogas used in the production of renewable energy. The developed cells are alternatives to traditional landfills and the energy produced could potentially power over 47 000 homes and businesses. In 2014, these smart cells captured over 3 million GJ of biogas, generated over 2 Â 10 5 MWh of renewable energy, and avoided approximately 3 Â 10 5 tCO 2 E [2] . The country is still on its march towards increased development of renewable energy. In an attempt to support the development of bioenergy, Wilkinson [30] suggests that Australia could learn from the experience of Germany. In Germany, ADs are commonly installed on farms, and the technology has, recently, been exported to Scotland [39] .
For a developing economy like Nigeria, where agriculture is the primary industry, this presents a tremendous opportunity. However, it could be far-fetched due to socio-technical barriers, which includes; high cost of capital investment, lack of education and awareness, land use act, limited operational expertise. The lack of necessary WtE technology is a dominant issue. There are no operating engineered landfills, bioreactors or large-scale ADs for the production of biogas. Therefore, resources that could potentially be harnessed and recovered for WtE are untapped through indiscriminate disposal in dump sites, which consequently impacts negatively on the environment.
Netherlands
Biogas contributed 6.5 PJ to the renewable energy of the Netherlands in 2014. Figure 1 shows other forms of biogas utilisation sources.
Also, the world's largest treatment centre for urban waste is now operational in Amsterdam. The installation of sewage treatment plant next to an expanded WtE plant for solid waste in the city has demonstrated many benefits such as; energy recovery from the sewage sludge; reduction in environmental impact; and reduction in the cost of sludge transportation for disposal [41] .
In Nigeria, the situation is contrary as there is no working sewage treatment plant in any of the major cities or rural areas [42] . Therefore, the opportunities and advantages presented by this resource are underutilised. Even so, this calls for concern when the Millennium Development Goals target #.7, "Ensure Environmental Sustainability" is considered [43] . Also, the energy value from MSW in Nigeria is comparatively insignificant, as estimated by Sambo [44] .
China
China is building the largest WtE plant in the world, and this project is due for completion by the year, 2020. It is expected to turn a third of Shenzhen's trash into energy daily. The incinerator is one of the 300 plants proposed for construction by the Chinese government [45] . With 17% of its MSW processed in WtE facilities, China seems to be ahead of the United States, who has only about 8% of its waste generated destined for a WtE facility, despite generating 387 million tonnes of waste annually [46] . Also, the Chinese government provides a credit of about $30 per MWh of electricity generated using WtE. Besides, the government's 11th Five-Year Plan (2006-2011) showed a conventional construction of many WtE facilities across the country [47] .
In comparison to Nigeria, there are no strategic plans for the development of WtE. This lack of foresight has in no small way, impacted the socio-technical parameters engendered in the development of WtE technology, thereby limiting its appreciation in the country [27] .
Discussion
An assessment of the socio-technical system analysis of WtE in developing economies was investigated, using a locally designed pilot project located in Lagos, Nigeria, as a case study. The approximate location of the project, on the Nigerian map, is represented in Figure 2 . The pilot scale project is an AD, sited at the end of a fruit market, for proximity to feedstock. The feedstocks were pineapple and watermelon. The size is 26 m 3 and a residence time of 21 days. The biogas from the digester serves as fuel for a 10 kVA generating plant, proposed to power street lightings in the market. In comparing the residence time of 21 days to the 2-3 days' residence time in the case of the CONPOREC accelerated digester operated by SUEZ, Western Australia, the need for technology awareness in developing economies is undeniable.
The technological set-up was low scale and poor public perception due to the unsuccessful completion of the pilot period. Also, the absence of data registry for the operations is a limitation to its efficiency, value and acceptance. Figure 3 shows the pilot scale plant at Ikosi Market, and the AD in Australia, operated by Biogass Renewables Pty Ltd. The AD run by Biogass receives 30-50 tonnes of food waste daily, and this is processed to generate over 3000 m 3 of biogas at 65% methane (CH 4 ), producing approximately 290 kWh/day. In contrast to the pilot scale project in Nigeria, no record of data collection. This limitation hinders purposeful and sustainable operations.
In summary, the socio-technical system analysis that influences WtE projects in developing economies, including the discussed pilot scale project at Ikosi market, is presented in Figure 4 . Also, Figure 5 shows a theoretical framework model to explain the transition theory and its strategies in effective MSWM. This transition is an interacting systems transformation that provides perspicacity and structure to support an incremental or fundamental change to a situation, system or institution.
The desired socio-technical transition in MSWM can be approached in stages as shown in Figure 5 . The preindustrial and indiscriminate stage is the littering and open burning of garbage. This method of waste management is still very much in practice in most developing countries, including Nigeria. With increasing awareness of the desirable waste strategies of reduce, reuse and recycle (3R), many cities in developing economies are gradually adopting the practice, even though the progress is slow. According to Awopetu et al. [49] , being aware of the fact that the 3R principle supports MSWM, this is not sufficient to generate beneficial outcomes without proper education, demonstration and encouraging government policies. The resource recovery cities are mostly found in the developed economies, as shown in Figure 1 , with a target of achieving a zero waste city. As investigated by Zaman and Lehmann [50] , zero waste index performance has been carried out in some cities like Adelaide, Stockholm and San Francisco. San Francisco, as mentioned by Eberlein [51] and Sullivan [52] is already 78% of the way to zero waste city, with 2020 set as a target to achieve it [53] .
Therefore, it is imperative for governments and relevant institutions to identify and establish their MSWM systems in the transition model. This action will ensure the application of the related socio-technical parameters in evaluating and implementing the appropriate WtE technology.
Recommendations
The challenges of WtE development often result from several interacting systems and market failures. This challenge cannot be over-emphasised, owing to constraints in the socio-technical analysis of its successful implementation in developing economies. This limitation, consequently, is a drawback for equitable, sustainable development [54] , and resource recovery from WtE.
Therefore, a need for energy policy mix that is primarily driven by the government to reduce the avalanche of a continued waste of resources is required. This requirement implies a combination of a policy instrument that is socio-economically driven, technology push and environmentally considered. It will involve profound but enterprising changes to the various government institutions who are stakeholders in the resource recovery industry. However, an understanding of the different policy instruments and the consistency of this mix concerning its influence on cultural, political, organisational and moral ethics of the population is necessary for the promotion of resource recovery, including WtE. Besides, a historical assessment framework of orientation, which will examine the emergence of resource recovery through WtE in the economy, should be implemented. The result will inform significantly the socio-technical transition desired for a WtE process, and the development of MSW sustainability criteria in Nigeria and other developing economies.
Below are some recommendations for this study: -Energy targets: this is an area where many developing economies are lacking, especially Nigeria. There are no known set goals regarding the WtE policy that would promote the reduction of CO 2 and CH 4 , which are climate change impacting GHGs; -Strategic policies: most of the materials exported to the country are packaged in almost non-biodegradable materials, especially polyethene, expressed as C n H 2n , as this takes a long period to degrade under certain conditions. This action presents the government an opportunity to establish strategic policies that will ensure packaging is manufactured only from materials that allow reuse or recycling. Consequently, this will promote the use of socially appropriate methods for WtE technologies. Also, the government should promote technological training of locals to embrace and apply current trends in MSWM towards environmental sustainability; -MSW inventory: the government should ensure an MSW data registry in all local councils. This data will include waste composition, tonnages of the different waste stream, its origin, process and destination. Such database will help identify precinct waste generation and promote efficient management; -Public private partnership: more sustainable MSW solutions require a public-private partnership, and this should be encouraged by the government. In other words, an enabling environment for investors (local and international) to participate in MSWM through subsidies and policies that will not stifle participation, but with clear and shared objectives. Such partnership will encourage personnel training, capacity building, and awareness creation in every aspect of sustainable MSWM and WtE; -Transition systems: stakeholders should recognise that WtE development occurs in a transition system with efficient MSWM. Importing off the shelf technology to address MSW issues that require social and cultural interventions should be eliminated. Therefore, transparency amongst the government and public-private cooperation can elicit valuable interest that would eventually lead to the implementation of better projects; -Awareness campaign: behaviour change could be challenging, but it is imperative for the government to consider this social impact without compromise. A reward and incentive model mixed with regular community meetings should be encouraged. Also, promoting the production and consumption of products derived from recycled and recyclable materials could serve as the tonic for the behavioural change that will enhance appreciation for WtE technology; -Decentralised approach: a decentralised approach is required to address structural factors, demography and elite discretion. Collaboration between local councils, energy companies and local farmers can encourage WtE technology in the communities; 
Conclusion
A deep lying issue with the institutions that regulate environmental policies in the society is a minimal understanding of socio-technical transitions that could impact, profoundly, WtE projects. One of the pathways to the socio-technical promotion of WtE is an appreciation of the matrix that connects disciplinary perspectives to the understanding of MSWM by individuals, communities and the society as a whole. From the social viewpoint, an appraisal of the awareness and understanding of the traditional 3R by the population is necessary. This assessment will result in improving existing MSWM framework and implementation strategies. This evaluation could be done periodically to check the level of effort and following response from the population.
Also, the historical background and boundary identification of waste management transitions will inform the technologist and the engineers in the design of an appropriate WtE technology that is fit for purpose. However, the design, development and application of this technology will be limited until environmental concerns become a prominent public and political discussion, taking into consideration the following influencing parameters: social, cultural, ethical, moral, organisational, political, economic and technical hardware.
WtE is an appropriate solution that could be integrated into the energy supply mix for a developing economy, considering the widespread perception that, energy is a national security issue [58] . Also, the characteristics and amount of waste generated present an excellent platform for a high consideration of the technology. Table 1 gave an indication of the opportunities in the conversion of WtE that is underutilised in Nigeria.
The point in the transition at which WtE becomes relevant is in the resource recovery stage. Although it is addressed on a case by case basis due to the socio-cultural dynamics, economic and industrial structure, waste management regulations and environmental factors that influence the various stages in the transition. However, the fundamentals necessary to reach a point of consideration is an efficient waste management process, implemented and sustained throughout the transition. Also, treating as a socio-technical regime [58] will increase the learning and understanding of the processes involved in the transformation and realisation of WtE projects in developing economies. Whatever socio-technical regime adopted for any MSWM situation, it has to be socially acceptable [59] , sustainable and affordable. A promotion of this principle would give waste a second life.
